Introduction {#S0001}
============

Systemic lupus erythematosus (SLE) is a multi-organ autoimmune disease. Lupus nephritis (LN) is the most common and serious internal organ damage which is induced by SLE \[[@CIT0001]\]. Glucocorticoids and cytotoxic drugs, as the cornerstone of the control of LN, improve the patients' condition and prognosis to a large extent, but they inevitably induce serious side effects, such as secondary infection and even death. Many new therapies have been tried in the treatment of LN without definite superiority. In order to explore updated and more effective treatments, Chinese medicine or Chinese medicine extracts were frequently applied to treat LN both experimentally and clinically, which revealed hopeful effect \[[@CIT0002], [@CIT0003]\].

*Phytolacca esculenta* is a kind of perennial herb, and esculentoside A (EsA) is a triterpene saponin extracted from its roots. Recent studies \[[@CIT0004]--[@CIT0006]\] suggested that EsA had the effect of modulating the immune and inflammatory responses. It might also inhibit cell proliferation and induce apoptosis \[[@CIT0004], [@CIT0007]\]. BXSB mice were applied as an animal model of SLE. It is a recombinant inbred species hybridized by male SB/Le mice and female C57BL/6 mice. Because of carrying the Yaa gene in the Y chromosome, which can accelerate the autoimmune reaction, the male mice are prone to early onset and have severe organ damage compared with female mice \[[@CIT0008], [@CIT0009]\]. Male mice fall ill at about 3 months of age, and about half of them die at 5 months old \[[@CIT0010]\]. They have proteinuria and the renal pathological finding is mesangial proliferative glomerulonephritis, which makes them an appropriate LN model.

In this study, BXSB mice were used to observe the effect of EsA on the changes of urinary protein, renal function, histology, serum cytokines, renal apoptosis and proliferation.

Material and methods {#S0002}
====================

Mice {#S20003}
----

Male BXSB mice were purchased from the Jackson Laboratories (Bar Harbor, ME), maintained in our special pathogen-free facility, and had free access to water and food. The animal experiments were approved by the Ethics Committee for Animal Research of The Second Clinical Medical College of Jinan University. 24 BXSB mice were divided into 3 groups (8 mice in each group). The EsA-treated group was given intraperitoneal (*i.p*.) EsA at a dose of 20 mg/kg once a day for 4 weeks. The dexamethasone-treated group was given *i.p*. dexamethasone at a dose of 5 mg/kg once a day for 4 weeks. The control group was composed of model mice, which were given an equal volume of saline. At the end of the experiment, blood samples were centrifuged and serum was kept at --20°C until the assays were performed.

Reagent {#S20004}
-------

RPMI-1640 was purchased from Sigma (Sigma, USA). EsA (molecular mass 826.0), with a purity of 99%, was purchased from Xian Wenyang Company. Esculentoside A was dissolved in RPMI 1640 medium for further use in experiments.

Renal function parameters {#S20005}
-------------------------

Renal function was assessed by measuring serum creatinine and blood urea nitrogen (BUN), using a Biochemistry Auto-analyzer (Olympus). The animals were housed in metabolic cages every other week, and their urine was collected. The 24-hour proteinuria and proteinuria/urinary creatinine ratios were measured (Lab Test kit).

Measurement of serum cytokine levels {#S20006}
------------------------------------

Measurement of cytokine levels of interleukin-6 (IL-6) and tumour necrosis factor α (TNF-α) in serum was carried out using sandwich ELISA reagent kits (R&D systems, MN, USA).

Histology and immunohistochemistry {#S20007}
----------------------------------

Fragments of the renal cortex were fixed overnight in 10% neutral phosphate buffered formalin (Duksan Pure Chemical Co, Korea), dehydrated in alcohol, and then embedded in paraffin. The sections (3 µm thick) were stained with hematoxylin. The slides were viewed under an 80i light microscope (Nikon, Japan). For the immunohistochemistry study, the kidney specimens were incubated with an antibody against human Fas and FasL (Boster, China) respectively, which were operated for staining according to the manufacturer\'s instructions (Sun Biotech Co. Ltd., China). Apoptotic scores were obtained with a terminal transferase-mediated dUTP nick-end labeling (TUNEL) assay using an Apoptosis Detection Kit (Roche, Mannheim, Germany). Briefly, kidney sections were deparaffinized, rehydrated, and digested with protein K and labeled with TUNEL reaction mixture for 60 min at 37°C. Sections were screened for positive nuclei under a light microscope, and 10 random glomerular and tubular fields were counted for every kidney under 400× magnification. Data from all fields and all kidneys were pooled to obtain the apoptotic index, which is the percentage of TUNEL positive cells in total cells manually counted in 10 randomly selected fields.

*In situ* hybridization {#S20008}
-----------------------

Kidney tissue was fixed in formalin overnight and embedded in paraffin using standard procedures. Series sections 4 µm thick were deparaffinized with xylene, rehydrated in a graded series of ethanol, and washed in PBS. PCNA and caspase-3 mRNA was detected using the *In Situ* Hybridization Detection Kit (Boster, Wuhan, China) according to the manufacturer\'s instructions. Briefly, the sections were hybridized with PCNA and caspase-3 oligonucleotide probe for 16 h at 40°C and incubated with biotinylated mouse anti-digoxigenin antibody, then incubated with biotinylated peroxidase. Staining was developed with DAB. Slides were counterstained with hematoxylin, dehydrated and mounted.

The number of cells staining brown (indicating the presence of PCNA or caspase-3 mRNA) was assessed by light microscope (Olympus Hamburg, Germany) and micrographs obtained using an Olympus DP50 digital imaging system mounted on the microscope. Histological slides were semi-quantitatively evaluated using the software Image pro-plus 6.0 (Media Cybernetics, USA).

Statistical analysis {#S20009}
--------------------

Results were presented as mean ± standard deviation and analyzed using one-way ANOVA with statistical analysis software (SPSS 13.0). The value of *p* \< 0.05 was considered statistically significant.

Results {#S0010}
=======

Effects of EsA on biochemical parameters {#S20011}
----------------------------------------

Before the experiment, the mice of each group had a high level of urine protein. At the end, urine protein and urine protein/urine creatinine ratio in the EsA-treated group and dexamethasone-treated group were significantly lower than those in the control group (*p* \< 0.05). Also, the levels of serum creatinine and BUN were significantly lower than those in the control group (*p* \< 0.05). There was no difference between the EsA-treated group and the dexamethasone-treated group (*p* \> 0.05) ([Table I](#T0001){ref-type="table"}).

###### 

Laboratory parameters in each group

  Parameter                                                Control group     Dexamethasone-treated group                        EsA-treated group
  -------------------------------------------------------- ----------------- -------------------------------------------------- --------------------------------------------------
  Pre-treatment urine protein \[mg/l\]                     752.79 ±64.29     761.57 ±66.84                                      742.4 ±49.63
  Post-treatment urine protein \[mg/l\]                    1071.25 ±134.09   726.76 ±109.05[\*](#TF0001){ref-type="table-fn"}   773.75 ±128.80[\*](#TF0001){ref-type="table-fn"}
  Creatinine \[µmol/l\]                                    52.76 ±10.56      40.53 ±8.94[\*](#TF0001){ref-type="table-fn"}      36.54 ±6.73[\*](#TF0001){ref-type="table-fn"}
  BUN \[mmol/l\]                                           9.69 ±1.58        7.04 ±1.29[\*](#TF0001){ref-type="table-fn"}       7.73 ±1.45[\*](#TF0001){ref-type="table-fn"}
  Post-treatment urine protein/urine creatinine \[mg/g\]   14.13 ±4.96       10.77 ±4.49[\*](#TF0001){ref-type="table-fn"}      10.54 ±3.72[\*](#TF0001){ref-type="table-fn"}

Values presented as mean ± SEM.

Value of p \< 0.05 vs. control group

Effects of EsA on the levels of serum cytokines {#S20012}
-----------------------------------------------

The levels of serum TNF-α and IL-6 decreased significantly in the EsA-treated group and dexamethasone-treated group (*p* \< 0.05) compared with the control group. There was no difference between the EsA-treated group and the dexamethasone-treated group (*p* \> 0.05) ([Table II](#T0002){ref-type="table"}).

###### 

Comparison of TNF-α and IL-6 concentration in each group

  Group                         *N*   TNF-α \[pg/ml\]                                   IL-6 \[pg/ml\]
  ----------------------------- ----- ------------------------------------------------- -----------------------------------------------
  Control group                 8     144.36 ±13.49                                     43.44 ±7.62
  Dexamethasone-treated group   8     119.68 ±12.95[\*](#TF0002){ref-type="table-fn"}   20.06 ±6.45[\*](#TF0002){ref-type="table-fn"}
  EsA-treated group             8     115.67 ±13.48[\*](#TF0002){ref-type="table-fn"}   21.70 ±6.56[\*](#TF0002){ref-type="table-fn"}

Values presented as mean ± SEM.

Value of p \< 0.05 vs. control group

Effects of EsA on renal morphology {#S20013}
----------------------------------

Renal pathology in the control group showed more than 50% of diffuse hyperplasia in glomerular mesangial cells and mesangial matrix. Capillary cavities were filled with proliferative cells, which was consistent with severe mesangial proliferative glomerulonephritis. Pathological changes improved in the EsA-treatment group and dexamethasone-treated group, which showed that the mesangial cell proliferation and mesangial matrix were reduced and the capillary opened. However, the pathological changes of interstitial area in each group were not obvious ([Figures 1A](#F0001){ref-type="fig"}-[C](#F0001){ref-type="fig"}).

![HE staining showed that the mesangial cell proliferation and mesangial matrix decreased and capillary opened in the dexamethasone-treated group and EsA-treated group (**A-C**). TUNEL positive cells (yellow particles in the nucleus) were apparent in glomerular cells and tubular epithelial cells (**D-I**). Magnification: 400×](AMS-9-19635-g001){#F0001}

Effects of EsA on renal cell apoptosis {#S20014}
--------------------------------------

TUNEL positive cells were apparent in every group, especially in glomerular cells and tubular epithelial cells ([Figures 1D](#F0001){ref-type="fig"}-[I](#F0001){ref-type="fig"}). There were significant changes in the glomerular and tubular apoptosis index among the three groups (*p* \< 0.05). The glomerular and tubular apoptosis index values were the highest in the EsA-treated group, followed by the dexamethasone-treated group. Those of the control group were the lowest. The differences were statistically significant between every two groups (*p* \< 0.05) ([Table III](#T0003){ref-type="table"}).

###### 

Apoptosis index of renal cells in each group

  Group                         Fields (*n*)   Glomerular cells apoptosis index \[%\]                                             Tubular cells apoptosis index \[%\]
  ----------------------------- -------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------------------------------
  Control group                 60             14.34 ±2.66                                                                        27.35 ±4.44
  Dexamethasone-treated group   60             22.82 ±4.29[\*](#TF0003){ref-type="table-fn"}                                      35.81 ±5.71[\*](#TF0003){ref-type="table-fn"}
  EsA-treated group             60             29.42 ±3.94[\*](#TF0003){ref-type="table-fn"} [\#](#TF0004){ref-type="table-fn"}   43.62 ±6.48[\*](#TF0003){ref-type="table-fn"} [\#](#TF0004){ref-type="table-fn"}

Values presented as mean ± SEM.

Value of p \< 0.05 vs. control group

p \< 0.05 vs. dexamethasone-treated group

Effects of EsA on the expression of Fas and FasL {#S20015}
------------------------------------------------

Fas and FasL were expressed in each group of kidney tissues. The number of positive cells in the glomerular and renal interstitial area of the dexamethasone-treated group and the EsA-treated group was more than that in the control group ([Figures 2A](#F0002){ref-type="fig"}-[F](#F0002){ref-type="fig"}). The mean optical density values were used for the semi-quantitative analysis; they moderately increased in the dexamethasone-treated group and the EsA-treated group compared with the control group (*p* \< 0.05). There was no difference between the EsA-treated and dexamethasone-treated group (*p* \> 0.05) ([Table IV](#T0004){ref-type="table"}).

![Fas and FasL were expressed in each group. The number of positive cells (brown granules in the cytoplasm) in glomerular and renal interstitium of the dexamethasone-treated group and EsA-treated group was higher than that in the control group (**A-F**). PCNA mRNA was expressed in each group. The number of positive cells (brown granules in the cytoplasm) in glomerular and renal interstitium of the dexamethasone-treated group and EsA-treated group was lower than that in the control group (**G-I**). Caspase-3 mRNA was expressed in each group. The number of positive cells (brown granules in the cytoplasm) in glomerular and renal interstitium of the dexamethasone-treated group and EsAtreated group was higher than that in the control group (**J-L**). Magnification: 400×](AMS-9-19635-g002){#F0002}

###### 

Comparison of mean optical density values of Fas, FasL, PCNA-mRNA and caspase-3 mRNA in each group

  Group                         Fields (*n*)   Fas                                              FasL                                             PCNA-mRNA                                        Caspase-3 mRNA
  ----------------------------- -------------- ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ------------------------------------------------
  Control group                 60             0.215 ±0.010                                     0.196 ±0.013                                     0.363 ±0.025                                     0.200 ±0.038
  Dexamethasone-treated group   60             0.253 ±0.012[\*](#TF0005){ref-type="table-fn"}   0.257 ±0.021[\*](#TF0005){ref-type="table-fn"}   0.241 ±0.075[\*](#TF0005){ref-type="table-fn"}   0.265 ±0.024[\*](#TF0005){ref-type="table-fn"}
  EsA-treated group             60             0.271 ±0.023[\*](#TF0005){ref-type="table-fn"}   0.277 ±0.016[\*](#TF0005){ref-type="table-fn"}   0.216 ±0.015[\*](#TF0005){ref-type="table-fn"}   0.282 ±0.017[\*](#TF0005){ref-type="table-fn"}

Values presented as mean ±SEM.

p \< 0.05 vs. control group

Effects of EsA on expression of PCNA mRNA and caspase-3 mRNA {#S20016}
------------------------------------------------------------

PCNA mRNA was expressed in kidney tissues of each group. The number of positive cells in the glomerular and renal interstitial area of the dexamethasone-treated group and the EsA-treated group was less than that of the control group ([Figures 2G](#F0002){ref-type="fig"}-[I](#F0002){ref-type="fig"}). The mean optical density values were used for the semi-quantitative analysis; they significantly decreased in the dexamethasone-treated group and EsA-treated group compared with the control group (*p* \< 0.05). There was no difference between the EsA-treated and dexamethasone-treated group (*p* \> 0.05) ([Table IV](#T0004){ref-type="table"}). Caspase-3 mRNA was also expressed in kidney tissues of each group. The number of positive cells in the glomerular and renal interstitial area of the dexamethasone-treated group and EsA-treated group was higher than that of the control group ([Figures 2J](#F0002){ref-type="fig"}-[L](#F0002){ref-type="fig"}). The mean optical density values were used for the semi-quantitative analysis; they significantly increased in the dexamethasone-treated group and EsA-treated group compared with the control group (*p* \< 0.05). There was no difference between the EsA-treated and dexamethasone-treated group (*p* \> 0.05) ([Table IV](#T0004){ref-type="table"}).

Discussion {#S0017}
==========

Nearly all SLE patients had renal involvement in varying degrees. Kidney damage is the main indicator of prognosis in SLE \[[@CIT0011]\].

Before the experiment, the urine protein excretion in every group was high, as reported \[[@CIT0012]\]. The proteinuria in these mice was controlled by EsA treatment, which was similar to dexamethasone treatment. In treated mice of both groups, the levels of serum creatinine and BUN were significantly lower than those in the control group after treatment. The renal pathological results also suggested that EsA could alleviate the renal damage of LN.

Tumour necrosis factor-α plays an important role in the triggering and maintenance of the inflammation. Avramescu\'s studies showed that the TNF-α level of SLE patients' serum sample was higher than in normal people. The TNF-α level of active SLE patients was significantly higher, while inactive SLE patients' TNF-α level was close to a normal level, or even lower \[[@CIT0013]\]. Some studies found that TNF-α related to SLE renal pathological changes. They also discovered the transcription of TNF in mice kidney \[[@CIT0014]\]. The LN would be aggravated with TNF-α injection \[[@CIT0015]\]. Our results showed that TNF-α concentration in treated groups was significantly lower than in the control group. This suggested that EsA significantly inhibited the secretion of TNF-α, which might reduce the inflammatory response and prevent disease progression.

Avramescu\'s study showed that the serum IL-6 level in SLE patients was significantly high, especially in patients in the active state \[[@CIT0013]\]. Dobbelsteen\'s study showed that the polymeric IgG and immune complexes could promote mesangial cells to produce IL-6 in rats \[[@CIT0016]\]. The IL-6 also promoted proliferation of mesangial cells \[[@CIT0017]\]. Therefore, the increased level of IL-6 might play an important role in the occurrence of LN. We found that EsA could decrease the IL-6 level, which might partly explain the effect of EsA on proteinuria and renal function.

The apoptosis pathway is divided into the non-caspase-dependent pathway and the caspase-dependent pathway. The caspase-dependent pathway can be divided into the non-innate pathway (also called the death receptor pathway) and the intrinsic pathway (also called the mitochondrial pathway) \[[@CIT0018]\]. The death receptor pathway is mainly mediated by the death receptor, which mainly includes the Fas/FasL and tumor necrosis factor receptor (TNFR). The Fas/FasL system was involved in renal damage induced by autoimmune disease \[[@CIT0019], [@CIT0020]\]. Fas and FasL are expressed in the glomerular and tubulointerstitial cells in different degrees. They are also expressed in LN patients \[[@CIT0021]\]. Caspase plays an important role in apoptosis signaling transduction as part of the cysteine protease family \[[@CIT0022]\]. One of the earliest apoptosis characteristics is occurrence of protease-caspase enzymes. Active caspase breaks down intracellular enzyme that leads to specific changes of apoptosis. The key step is the activation of caspase-3 \[[@CIT0018]\]. It is the most important effective protease in the caspase cascade reaction, considered as an irreversible sign of apoptosis activation. Therefore, the detection of caspase-3 mRNA is generally used as a signal of early apoptotic change \[[@CIT0023]\]. Many studies have confirmed that caspase-3 participates in LN and other kidney diseases \[[@CIT0024]--[@CIT0026]\]. Our results indicated that both EsA and dexamethasone can induce apoptosis of renal cells. The glomerular and tubular cell apoptosis index values of the EsA-treated group increased significantly compared to those of the dexamethasone-treated group. Under the experimental dosage, renal cell apoptosis induced by EsA was more obvious than dexamethasone. In addition, EsA and dexamethasone up-regulated the expression of caspase-3 and Fas, FasL protein in renal glomerular and interstitial cells to a similar degree.

Cell proliferation can be considered as a pathological state and is closely related to the cell cycle. PCNA is a cell cycle-dependent protein gathered in the cell nucleus of S phase, also acting as a DNA polymerase accessory protein. The PCNA is directly involved in DNA replication in cell proliferation \[[@CIT0027], [@CIT0028]\]. The PCNA is also involved in DNA synthesis and repair, acting as an auxiliary factor of DNA polymerase δ. The number of PCNA-positive stained cells is recognized as an important index reflecting cell proliferation \[[@CIT0029], [@CIT0030]\]. Previous studies suggested that expression of glomerular PCNA in LN increased, and the degree was positively correlated with glomerular proliferation \[[@CIT0029]\]. Our results showed that PCNA mRNA was expressed in renal tissues of all groups and the expression decreased in the EsA-treated group and dexamethasone-treated group. There was no significant difference between the EsA-treated group and dexamethasone-treated group, which indicated that EsA under the experimental dosage has a similar effect as dexamethasone. They could block or inhibit the proliferation of LN cells by down-regulating the PCNA expression in renal glomerular and interstitial cells.

In conclusion, we found that with application of EsA to BXSB mice, the urinary protein excretion, renal function and renal pathology were significantly improved. The results suggested that EsA had therapeutic value for LN. Meanwhile, we found that it could affect IL-6 and TNF-α levels, inhibit renal cell proliferation and induce apoptosis just like dexamethasone. We speculate that these effects might be the mechanisms of its beneficial actions on LN in mice. The special target of EsA in lupus nephritis is worth further exploration.
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